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To theoretically understand force generation properties of actin filaments, many models consider
growing filaments pushing against a movable obstacle or barrier. In order to grow, the filaments
need space and hence it is necessary to move the barrier. Two different mechanisms for this growth
are widely considered in literature. In one class of models (type A), the filaments can directly push
the barrier and move it, thereby performing some work in the process. In another type of models
(type B), the filaments wait till thermal fluctuations of the barrier position create enough space
between the filament tip and the barrier, and then they grow by inserting one monomer in that
gap. The difference between these two types of growth seems microscopic and rather a matter of
modelling details. However, we find that this difference has important effect on many qualitative
features of the models. In particular, how the relative time-scale between the barrier dynamics and
filament dynamics influences the force generation properties, are significantly different for type A
and B models. We illustrate these differences for three types of barrier: a rigid wall-like barrier,
an elastic barrier and a barrier with Kardar-Parisi-Zhang dynamics. Our numerical simulations
match well with our analytical calculations. Our study highlights the importance of taking the
details of filament-barrier interaction into account while modelling force generation properties of
actin filaments.
I. INTRODUCTION
Cell motility has immense importance in many biological processes such as morphogenesis, wound repair, cancer
invasion etc. [1–5]. Actin filaments play a crucial role in cell movement. The polymerization of actin filaments near
the cell membrane form protrusions in the membrane, which is an important step for the cell movement. In this
process, the actin filaments generate significant amount of force. This polymerization force is measured in many in
vitro cases by allowing these filaments to grow against some barrier and applying an opposing external force on that
barrier [6–11]. The velocity of the barrier is expected to decrease with the external force and this force-velocity curve,
is an important characteristic of the force generation mechanism.
There have been intense research activities in the last few years to understand the force generation properties of actin
filaments [12–22]. In many different experiments and theoretical models, it has been investigated how polymerization
of the filaments generate force that results in movement of the barrier. In our recent theoretical works, we have looked
into how the force generation properties get affected by the (thermal) shape fluctuations of the barrier [16, 21]. We
have shown that the shape fluctuations of the barrier have an important role to play and they affect the force-velocity
curve significantly. In particular, the time-scale over which the shape fluctuations of the barrier takes place, can be
smaller or larger compared to the time-scale of filament (de)polymerization process and this decides the qualitative
shape of the force-velocity curve. In this paper, we show that not only this time-scale, but the microscopic modelling
details of the interaction between the filament and the barrier can also be important. We illustrate this issue further
in the following paragraph.
Consider a filament that polymerizes and pushes against a barrier. Now, there can be two different ways to model
the interaction between the barrier and the filament. In one class of models, it is assumed that the thermal motion of
the barrier creates a gap between the filament tip and the barrier position and a monomer gets inserted in that gap
and the length of the filament thus grows. In [12–15, 23] such a mechanism was used. In a different set of models
[16–22, 24], it has been assumed that even when there is no gap between the filament tip and the barrier, the filaments
can actively push the barrier away and grow. While the various models in [12–24] vary in many aspects, the interaction
between the growing end of the filament and the barrier can be roughly classified in the above two types. Although
the difference between the two mechanisms seems to be microscopic and rather a matter of modelling details, we find
that the force generation properties are significantly different in the two cases. Interestingly, this difference persists
even in absence of shape fluctuations of the barrier, when the barrier is modelled like a rigid wall.
In this paper, we carry out a detailed quantitative study to highlight the difference between the above two mecha-
nisms. For ease of nomenclature, we denote the two cases by type A and type B, where type A stands for those models
where filaments can actively push the barrier and grow, and type B represents those models where the filaments can
grow only if there is sufficient gap between the filament tip and the barrier to insert one monomer. We demonstrate
2the difference between type A and B models for three different barrier dynamics. We have chosen particularly simple
models for the barrier dynamics and the fact that even for such simple systems, type A and B yield qualitatively
different results, is rather remarkable. We consider (a) a rigid barrier model which has been widely studied earlier,
including in [12, 14, 15, 17, 19, 20, 23], (b) an elastic barrier model, which was studied in [13, 21, 25–27], and (c) a
Kardar-Parisi-Zhang (KPZ) barrier model, which was studied by us earlier [16]. In all these three cases, the barrier
dynamics is such that there is a competition between the barrier movement and filament growth. For the rigid barrier
and KPZ barrier, an external force is applied on the barrier which tends to move the barrier in the direction opposite
to that of filament polymerization. In the elastic barrier model, on the other hand, the barrier tries to minimize its
elastic energy by remaining in a flat shape, while the filaments polymerize by creating protrusions on the barrier. For
these three types of barrier dynamics, we compare the behavior of certain quantities for above two different growth
conditions viz. type A and B. Some of the quantities we measure here for the first time, and some were known from
earlier studies. But their comparison highlights the importance of difference between the two growth conditions. This
comparison is important, since it was not known or appreciated before that a seemingly small difference like this can
result in significantly different qualitative behavior.
For a rigid barrier with a type A interaction with the filaments, we find the shape of force-velocity curve is always
concave when there are multiple filaments present in the system. On the other hand, for a single filament, the force
velocity curve is convex (concave) when the thermal fluctuations of the rigid barrier position are much slower (faster)
than the filament dynamics. For type B interaction, the force-velocity curve for multiple filaments shows convex
(concave) shape for slower (faster) barrier dynamics, but for a single filament the shape does not depend on the
time-scale. We find that as the barrier dynamics becomes faster, Fs decreases for type A, but remains constant for
type B. Similar behavior for stall force was also found for a KPZ barrier. As the number of filaments in the system
becomes larger, Fs also increases. Our analytical calculations show that for type B, stall force scales linearly with the
number of filaments, while for type A, there is a logarithmic correction to linear scaling.
For an elastic barrier, as the membrane tension µ is varied, the velocity changes non-monotonically and shows a
peak at µ = µ∗ [21]. For µ > µ∗, velocity decreases with µ and the system has a steady state. But for µ < µ∗ velocity
increases with µ and our earlier studies in [21] show that the system does not have a steady state in this regime.
When the elastic barrier interacts with the filaments via type A mechanism, µ∗ increases as the barrier dynamics
becomes slower. For very slow barrier dynamics, type A model yields a monotonically decreasing convex µ−V curve.
For type B, on the other hand, µ∗ remains same for a wide range of the barrier movement time-scale and the shape
of the µ − V curve remains non-monotonic. However, in the limit when the barrier motion becomes very fast, both
the models show concave µ− V curves.
This paper is organized as follows. In Sec. II we present our results for the rigid barrier model, in Sec. III we
discuss elastic barrier model, in Sec. IV we discuss KPZ barrier model and finally present our conclusions in Sec. V.
II. RIGID BARRIER MODEL
In this model, the barrier is described as a one dimensional rigid and movable wall. Under the action of an external
force F , the wall tends to move downward while thermal fluctuations can also move the barrier in the upward direction
(see Fig. 1b). The filaments are modelled as rigid rod-like objects, which are composed of rod-shaped monomers.
For simplicity, we throughout assume the length of the monomer is same as d, the step size of barrier movement. A
filament whose tip is in contact with the barrier is called a bound filament while in the absence of any such contact,
it is called a free filament. Different types of filament movements are shown in Fig. 1a and 1c. For type B model, the
movement shown in Fig. 1c is not allowed, while for type A model, both the filament movements are allowed. We do
not consider any dynamics at the base of the filaments and just assume that these bases are fixed at some hard wall.
In real systems, however, the ‘hard wall’ may be a densely connected actin network having a gel-like structure, but
we do not include such descriptions in our simple model.
We perform simulations using kinetic Monte Carlo (MC) technique here. For a system having N filaments, each
Monte Carlo time-step consists of N filament updates and S independent barrier updates, where S is the relative
time-scale between the filament and the barrier dynamics. Starting from an initial condition of all filaments of length
d and the barrier in contact with all filament tips, the system undergoes time-evolution and after a large number of
Monte Carlo steps, when the system reaches steady state, we perform our measurements. The various simulation
parameters are given in Table I.
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FIG. 1: Schematic representation of rigid barrier model. (a): A free filament polymerizes (depolymerizes) with rate U0 (W0).
(b): The barrier height undergoes thermal fluctuations. In presence of the external force F , the forward process which increases
the height is energetically costly and happens with rate R+ while the reverse process that decreases the height is energetically
favourable and happens with rate R−. Using local detailed balance condition, we choose R+ = e
−βFd and R− = 1. (c): A
bound filament pushes the barrier by an amount d that costs energy and occurs with rate U0R+. This movement is allowed
only for type A.
A. Force-velocity curves for different values of S
We measure the velocity of the barrier as a function of external force F and plot in Fig. 2. The main plot is for
single filament while the inset is for multiple filaments. For single filament with type A interaction, the force-velocity
curve is convex for S ≪ 1 and becomes concave for large S [12]. However, for type B model, our data in Fig. 2b
show that the force-velocity curve does not change shape with S. We explain this observation below by analytically
calculating V as a function of F .
For type A systems with single filament, the expression for velocity can be written as V (F ) = d{p0U0e
−βFd +
Se−βFd − S(1 − p0)}. Here, p0 is the contact probability of the filament tip with the barrier. The first term
corresponds to the bound filament polymerization (Fig. 1c); the second and the third terms are for upward and
downward thermal fluctuations of the barrier respectively (Fig. 1b). The downward movement occurs only when the
filament is not in contact with the barrier, thereby multiplied by a factor (1− p0). The value of p0 can be calculated
by solving the master equations for pi in the steady state, where pi is the probability that there is a gap of magnitude
i in between the filament tip and the barrier. We thus obtain, p0 =
U0−W0+S(1−e
−βFd)
U0+S
. Using the expression for p0
we get
V (F ) = d
[
(U0e
−βFd + S){U0 −W0 + S(1 − e
−βFd)}
(U0 + S)
− S(1 − e−βFd)
]
. (1)
Our numerical data in Fig. 2a show good agreement with Eq. 1.
For type B, velocity has the form V (F ) = d{Se−βFd − S(1 − p0)}, which after putting the value of p0 becomes,
V (F ) =
d{(U0 −W0)− U0(1 − e
−βFd)}
1 + U0
S
(2)
and if we scale the velocity by V0, which is the velocity at F = 0, we have,
V (F )
V0
= U0e
−βFd
−W0
U0−W0
which is independent
of S. Thus, the shape of the force-velocity curve does not depend on S in this case (Fig. 2b).
Stall force Fs is defined as the external force, which exactly balances the force generated by the filaments. At
F = Fs, the barrier velocity therefore becomes zero, and hence can be obtained by simply putting V (F ) = 0 and
solving for F , which gives
Fs = −
1
βd
ln
[(
U0 −W0 + 2S
2S
)(
1−
√
1−
4U0W0S2
U20 (U0 −W0 + 2S)
2
)]
(3)
for type A, which decreases with S. For type B model, we have Fs =
1
βd ln
U0
W0
, which is independent of S.
Our calculations for single filament can be easily generalized for multiple filaments and in Fig. 2 insets, we show
the results using continuous lines, which show good agreement with our numerics. The discrepancy at large S can
be attributed to the fact that in our analytical calculation, we have used the assumption that the filaments are
independent. This is not strictly true, since the barrier induces an effective coupling between the filaments and for
large S the effect of this coupling can not be neglected any more.
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FIG. 2: F − V curves for different values of S for rigid barrier. We plot the scaled velocity V/V0 of the barrier as a function
of the scaled force F/Fs, where V0 is the velocity at F = 0 and Fs is the stall force. The main plot is for single filament while
the inset is for multiple filaments. (a) Type A: We note that the force-velocity curve changes its nature with S . For S << 1,
the curve is convex which changes to concave for S >> 1. Inset: The force velocity curves is concave for any value of S . (b)
Type B: In this case, unlike type A, the shape of the force velocity curve is independent of S . Inset: Force velocity curve show
convex nature for small S while it changes to concave for large S . Our analytical predictions are shown by continuous lines,
that match well with numerics, but deviates for multiple filaments with large S . For the insets, we use N = 20. Simulation
parameters are as in Table I.
Calculation of stall force for multiple filament case yields,
Fs =
1
βd
{
N ln
( U0
W0
)
+ ln
(
1 +
N(U0 −W0)
S
)}
(4)
for type Amodel. Polymerization of one bound filament causes movement of the barrier, and all other bound filaments
are immediately free. This induces an effective coupling between the filaments and Fs does not scale with N any more.
For type B model, however, this effect is absent and we find Fs =
N
βd ln(
U0
W0
). In [19, 29], a similar absence of linear
scaling between Fs and N was reported and was explained by using effects like ATP hydrolysis of actin monomers.
III. ELASTIC BARRIER MODEL
In this section, we discuss the difference between type A and B dynamics for an elastic barrier model. The barrier
or membrane is modelled as a one dimensional lattice of length L and lattice constant d. At each site i of the lattice
a height hi is assigned. The membrane prefers to stay flat, when height of all sites are the same. Any height gradient
costs elastic energy which can be calculated as [13, 21, 25, 26]
H1 = µ
L∑
i=1
|hi − hi+1| (5)
where µ is the membrane tension. The sum in Eq. 5 is related to the total contour length C of the particular height
configuration of the membrane, such that C =
∑L
i=1 |hi − hi+1| + Ld. This model was used in [26] to study the
behavior of lipid membrane protrusions created due to thermal fluctuations. In [13] a similar model was used to study
a membrane driven by an advancing actin mesh.
In our model, we assume that the thermal fluctuations of the membrane height follow local detailed balance with
the above Hamiltonian
R+
R−
= e−β∆E (6)
where R+ (R−) is the rate of those processes that increases (decreases) the energy by an amount ∆E (see Fig. 3a).
In our lattice model, we assume that as a result of these fluctuations, the local height can increase or decrease by a
discrete amount d and the energy cost △E can take the values 2µd and 0. In our simulation, we choose R+ = e
−βµd
and R− = e
βµd when △E = 2µd, and for △E = 0, we choose R+ = R− = 1 (for example, Fig. 3b). Note that any
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FIG. 3: Schematic representation of elastic barrier model. The square blocks show actin monomers, which join together to
form rod-like filaments. The thick solid line represents the shape of the elastic membrane. (a): A bulk site of the membrane
thermally fluctuates and changes its height by an amount d, which in turn changes the membrane contour length by 2d. The
forward process increases the energy and occur with rate R+ while the reverse process decreases the energy and happens with
rate R−. (b): A bulk site of the membrane changes its height by an amount d but the energy remains same and thus the
movement happens with rate unity. (c): A bound filament pushes the binding site by an amount d that costs energy and
occurs with rate U0R+. This movement is allowed only for type A. (d): A free filament polymerizes (depolymerizes) with rate
U0 (W0).
height fluctuation that brings a binding site at a lower height than the filament tip is forbidden. Everywhere else in
the membrane, the height fluctuations will occur in accordance with Eq. 6.
The filaments are modelled as rigid rod-like polymers, composed of monomers of length d. The filament dynamics
is identical to what was described in Sec. II. As before, there are free filaments and bound filaments. The bound
filaments touch the membrane at the ‘binding sites’. For type A model, polymerization of a bound filament increases
the height of the binding site by an amount d and hence an energy cost ∆E is involved (see Fig. 3c). Note that the
change in energy can be positive or negative, or even zero, depending on the local height configuration around the
binding site. For a positive (negative) energy cost, the bound filament polymerization rate is taken as U0R+ (U0R−),
while for no energy cost, the rate is U0.
The simulation technique is same as described for the rigid barrier case. For a system of N filaments, in each Monte
Carlo step, we attempt N filament updates and S independent membrane updates. By changing S, we can tune the
relative time-scale between the filament dynamics and the membrane dynamics. Since the membrane consists of L
sites in the present case, while updating the membrane, we choose any site randomly and then follow the update rules
as described. We present our results for the single filament case here and even for multiple filaments (with small or
moderate density) we find similar behavior (data not shown here).
In an earlier study [21] we had considered an elastic barrier with type A interaction, and we have borrowed some
data from this study here for the sake of comparison. In [13] an elastic barrier with type B interaction was studied
but only in the limit of N = L, i.e. when there is a filament pushing against all barrier sites. As we argue below, this
limit ensures that the system always reaches a steady state [21]. Here, we consider the case N < L and find absence
of steady state for small µ.
6A. Variation of V0 with S/L
We measure the velocity of the barrier when the elastic tension µ = 0 and denote it by V0. For µ = 0, there is
no energy cost for creating local protrusions or height gradient on the membrane. Apart from the binding sites, all
(L − 1) membrane sites undergo equilibrium thermal fluctuations in this case and the time-averaged local velocity
of the membrane is zero at all these sites. Only the binding site feels the presence of the growing filament: for type
A interaction, the filament pushes at the binding site and gives it a non-zero velocity while for type B interaction,
the filament blocks downward movement of the binding site and thus imparts a velocity to the membrane. The
expression for V0 for type A is thus, V0 =
d
L{U0p0 + S − S(1 − p0)}, where p0 =
U0−W0
U0+S
is the contact probability
which is calculated in a similar way as for the rigid barrier case. Using the value of p0 we have, for type A model,
V0 = d(U0 −W0)/L, which does not depend on S. For type B model, we have V0 =
d
L
(U0−W0)
1+
U0
(S/L)
, which has an explicit
dependence on S. In Fig. 4 we show the comparison with simulation data.
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FIG. 4: Velocity at µ = 0 as a function of S/L for elastic barrier. For type A, we note that the velocity for µ = 0 remains
constant with S/L. The value is V0 = d(U0 −W0)/L. For type B, unlike type A, velocity increases with S/L and saturates to
a value d(U0 −W0)/L, same as the velocity for type A. We use L = 64 for both the cases. Other simulation parameters are as
in Table I.
B. µ− V curves for different values of S/L
Different values of local velocities at bulk site and binding sites of the membrane at µ = 0 implies that the system
does not have a steady state in this case. Even for non-zero but small values of µ this difference persists and the
system fails to reach a steady state. Finally, when µ is larger than a certain threshold value µ∗, the local velocity
becomes same everywhere on the membrane and the system reaches a steady state. In an earlier work [21] we have
presented a detailed discussion on this interesting phenomenon. Here, we briefly describe the main points.
First let us consider S/L ∼ 1. As the filaments grow and push the membrane, there is a competition between the
elastic force and the polymerization force. For small µ, the elastic force loses out and the polymerization force wins.
In this case, the binding site (which is mainly driven by the polymerization force) moves upward with a larger velocity
Vbind and the bulk sites (which are purely driven by the elastic force) move with smaller velocity Vbulk. The bulk sites
move upward, trying to catch up with the binding site and thereby decreasing the contour length of the membrane.
As µ increases, the elastic force becomes stronger and the velocity of the bulk sites increases, while the velocity of
the binding site decreases due to the increase in the elastic energy cost. The average velocity of the membrane, which
can roughly be written as V L = (L− 1)Vbulk +Vbind, also increases with µ in this regime. Finally, for µ = µ
∗ the two
velocities become equal, Vbind = Vbulk and for µ larger than this threshold value, the system has a steady state when
the whole membrane moves up with the same velocity. The membrane velocity decreases with µ in this regime. From
the above discussion, it is also clear that Vbind falls monotonically with µ while Vbulk shows a non-monotonicity, with
a peak at µ = µ∗. For a more elaborate explanation of this mechanism see [21].
In Fig. 5 we plot µ − V curve for different values of S/L. The µ − V data for type A interaction were presented
earlier in [21]. For both type A and B dynamics, the curve shows a peak for S/L = 1 and becomes monotonic concave
7curve for S/L≫ 1. However, as S/L becomes smaller than unity, the curve becomes convex for type A and for type
B the curve continues to show a peak and the peak position does not depend on S/L in this regime. So the main
qualitative difference in this case is obtained for small values of S/L when the membrane dynamics is much slower
than the filament dynamics. Since for very large S, the difference between type A and B ceases to exist, we find
concave µ− V curves for both models in this limit.
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FIG. 5: µ − V curve for different values of S/L for elastic barrier. We have scaled V by maximum velocity Vmax to compare
them in the same scale. (a) Type A: For S/L ∼ 1, the µ−V curve is non-monotonic with a peak at µ = µ∗. As S/L increases,
the peak shifts towards to smaller value of µ and finally the curve becomes concave for S/L >> 1. For S/L << 1, the curve
is convex. (b) Type B: In this case, unlike the previous case, we do not have any convex curve even for S/L << 1. For all
the above plots, we have used L = 64. Note that for S/L >> 1, both the cases show a concave µ− V curve. Other simulation
parameters are as in Table I.
In order to explain this difference, we measure the relative contribution of Vbind and Vbulk towards the average
membrane velocity. In Fig. 6 we plot Vbind(L−1)Vbulk at a fixed µ < µ
∗ as a function of S/L. When this ratio is close to 1,
that means both binding site and bulk sites have comparable contribution, but if the ratio is much larger than 1, bulk
site contribution can be ignored. Our data show that for type A model, the ratio increases as S/L decreases, meaning
for small S/L binding site velocity dominates. Since, Vbind falls monotonically with µ [21], the average velocity also
falls monotonically. For type B, on the other hand, the ratio remains close to 1 even when S/L << 1 and due to
non-monotonic variation of Vbulk with µ the µ− V curve remains peaked in this case.
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FIG. 6: Variation of Vbind
(L−1)Vbulk
with S/L for elastic barrier. For type A, we note that as S/L decreases, the value of Vbind
(L−1)Vbulk
increases which means that the contribution of binding site to the total velocity increases in comparison to the bulk sites. Thus,
the nature of µ−V curve changes to convex for S/L << 1. Here we use µ = 0.87pN which is less than µ∗. For type B, as S/L
decreases, the value of Vbind
(L−1)Vbulk
does not vary much. Thus, even for S/L << 1, the terms Vbind and Vbulk remain comparable
and the µ−V curve remains non-monotonic. Here we use µ = 0.26pN . For both the models, we use L = 64. Other simulation
parameters are as in Table I.
8C. Variation of µ∗ with S/L
The elasticity-velocity curve in Fig. 5 show that the variation of µ∗ as a function of S/L is different for types A
and B. We note that for type B, the peak position in the elasticity-velocity curve remains fixed over a wide range
of S/L <∼ 1, but for type A, the peak shifts towards the smaller µ as S/L increases, which means µ
∗ decreases with
S/L. This behaviour can be explained by the force balance at the tip of filament. Note that for the rigid barrier case,
the balance between polymerization force and externally applied force is reached at the point of stalling and we can
therefore use the expression for Fs calculated in Eq. 3 for the polymerization force generated by the filaments, even
in the case of an elastic barrier. The only modification in this case is for type A model, where there is an explicit S
dependence of Fs (see Eq. 3), one must replace S by S/L because unlike a rigid barrier, the whole elastic barrier does
not move as a single unit and height fluctuations take place at each of L sites on the barrier. This gives for type A
µ∗ = −
1
2βd
ln
[(
U0 −W0 + 2
S
L
2SL
)(
1−
√
1−
4U0W0(
S
L )
2
U20 (U0 −W0 + 2
S
L )
2
)]
(7)
and for type B
µ∗ =
1
2βd
ln
( U0
W0
)
. (8)
Our data in Fig. 7 shows good agreement with this calculation. This plot shows that for type A, as S/L is increased,
µ∗ decreases and for type B it remains constant. The data for type A appeared earlier in [21]. Note that although
the µ− V curve becomes monotonic for type A model in the limit of small S/L, one still has a finite µ∗.
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FIG. 7: Variation of µ∗ with S/L for elastic barrier. For type A, µ∗ decreases continuously with S/L. For type B, µ∗ remains
constant for a wide range of S/L. Our analytical predictions matches well with the numerical results. Simulation parameters
are as in Table I.
In this section, we have assumed the energy of the barrier to be proportional to the sum of local height gradients
(or the contour length) of the barrier (Eq. 5). In another related model, where the elastic energy of the barrier is
proportional to square of the local height gradient [21, 27], we find only quantitative difference between type A and
B dynamics (data not shown here), and qualitative behavior remains mostly similar. We also note that in the limit
of µ >> 1, both the models of elastic barrier actually behaves like a rigid barrier [21].
IV. KPZ BARRIER MODEL
In this section, we present the comparison between type A and B models for a KPZ barrier. The model consists
of N parallel filaments growing against a barrier with a fluctuating height profile whose dynamics is described by
a one dimensional Kardar-Parisi-Zhang or KPZ interface [16, 30]. An external force F is acting on the barrier in
the opposite direction of the filament growth (see Fig. 8). In our lattice model, the discrete surface elements are
represented as lattice bonds, which can have two possible orientations, ±pi/4. We denote these two cases by symbols /
9and \ and call them upslope and downslope bonds, respectively. The total number of such bonds is L. One / followed
by a \ forms a local hill and in the reverse order \/ they form a local valley. The local height of the surface fluctuates
due to transition between these hills and valleys. When a local hill (valley) at a given site flips to a valley (hill), the
height of that particular site decreases (increases) by an amount d, which is same as the length of an actin monomer.
In Fig. 8 we show the update rules. The barrier shows thermal fluctuations, when local hills can flip to valleys and
vice versa. When a valley flips to a hill, it has to work against the force F/L (force per site). We assign a rate R+ for
this process. The reverse process, where a hill flips to a valley is energetically favourable and occurs with rate R−.
Using the local detail balance condition, we choose R+ = e
−βFd/L and R− = 1 (Fig. 8b). Note that the hill can only
flip to a valley when no filament is in contact with that particular site. The filament dynamics is same as described
in the earlier cases. A bound filament can polymerize for type A model, only if it is in contact with a local valley
which flips to a hill due to upward push by the filament. The rate of this process is U0e
−βFd/L. For type B model,
bound filament polymerization is not allowed.
In an earlier work [16], we had studied KPZ-barrier with type A interaction, but with a slightly different model,
where bound filament polymerization could cause a global movement of the whole barrier, in addition to the local
movement of a valley to hill that we consider here. For the model considered in [16] a bound filament polymerization
was possible even when there is no local valley present at the binding site. In this case a polymerization event would
cause movement of the whole barrier (like a rigid object) and this happens with rate U0e
−βFd. In the present work
we are interested in comparison between type A and B mechanism and to ensure that the other differences between
the models are minimal, we have not considered the global movement of the barrier here.
We assume periodic boundary condition for the surface and an equal number of upslope and downslope bonds.
The simulation procedure is same as described in earlier cases. In one Monte Carlo step, we attempt to perform N
filament updates (polymerization or depolymerization) and S independent surface updates (hill-valley flipping). We
let the system evolve for a long time, according to above dynamical rules and then perform the measurements in the
steady state.
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FIG. 8: Schematic representation of our model. (a): A free filament polymerizes and depolymerizes with rates U0 and W0,
respectively. (b): A local valley can flip to a hill with rate R+ and the reverse process occurs with rate R−. (c): Polymerization
of a bound filament that flips a valley to a hill happens with rate U0R+. This particular movement is allowed for type A only.
We find that the barrier velocity is systematically higher for type A compared to type B model, as expected.
However, in this case the main qualitative difference between the two models is observed only in the dependence of
stall force Fs on S. In Fig. 9 we show that for type A stall force decreases with S and for type B it stays constant.
This is consistent with the result for rigid and elastic barrier, respectively. For KPZ barrier, many other quantities
like V0, force-velocity curve, while quantitatively different for type A and B models, show similar qualitative behavior.
The reason can be explained in the following way. Although bound filament polymerization is allowed for type A
model, this process happens only when there is a valley present at the binding site. The probability for such an
occurrence is low. Most of the time the binding site sits on a local hill and when in contact with a filament, that hill
cannot even flip to a valley. Thus even though type A model allows bound filament polymerization, most of the time
this polymerization does not take place and the mechanism then becomes effectively similar to type B.
V. CONCLUSION
In summary, we have studied the force generation by a set of parallel actin filaments growing against a barrier by
considering two models for the filament-barrier interaction. In type A model, the filaments can push the barrier and
grow, while in type B model, the filaments can grow only when thermal fluctuations of the barrier position creates
a space for growth. It is clear from the definition of the two models that in identical conditions, the velocity of the
barrier in type A model cannot fall below that in type B model. We also find important qualitative differences between
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FIG. 9: Fs as a function of S/L. We note that for type A, the stall force decreases with S/L. For type B, the stall force
remains constant with S/L over a wide range of S/L. For very large S/L, Fs for both the cases saturates to the same value.
Here we use L = 64, N = 1. Other simulation parameters are as in Table I.
the two model types. We demonstrate these differences for three barrier dynamics: rigid barrier, KPZ barrier and
elastic barrier. In all three cases, we find that the main differences between type A and B models are manifested in the
way various properties depend on the relative time-scale S between the filament and barrier dynamics. In the limit
of very large S, when the thermal fluctuations of barrier position are much faster than filament (de)polymerization,
we find type A and B models become similar. In this case, since the contact probability p0 becomes negligible, the
filaments grow freely most of the time without pushing the barrier even for type A interaction. Thus, in this limit,
the two models yield same results. However, for small and moderate S values, we find significant differences.
The competition between polymerization force of the filaments and the opposing force exerted by the barrier shapes
the underlying physics of the system. For a rigid barrier and a KPZ barrier, this opposing force is described as an
external force that tends to move the barrier downward, while polymerization force coming from the filaments is
pushing the barrier upward. The point of balance between these two forces is achieved at stalling, when the barrier
velocity vanishes. For an elastic membrane, the competition between the two forces plays out in a different way. In
this case, the elastic force of the barrier tries to maintain a flat shape of the membrane, while filament polymerization
tends to create protrusions on the membrane. The point of balance in this case is µ∗, when the binding site and bulk
site velocities become equal. We show that for all three barriers, the point of balance depends on S for type A model:
the stall force Fs (for rigid and KPZ barrier) and µ
∗ (for elastic barrier) decreases with S and saturates to a constant
value for large S. For type B models, we find that Fs and µ
∗ remains independent of S. In other words, when
the bound filament polymerization is not allowed, the polymerization force is insensitive to the time-scale of thermal
fluctuations, but when the bound filaments can actively push the barrier and grow, the polymerization force decreases
as the barrier dynamics becomes faster. On the contrary, when there is no opposing force offered by the barrier, i.e.
F = 0 or µ = 0, the two models show opposite behavior. For type A models, in this limit there is no difference
between free and bound filament polymerization rate, and the barrier velocity V0 in this case does not depend on S
for elastic barrier. However, for type B models, since bound filaments cannot polymerize, polymerization process still
has to wait when thermal fluctuations create a space for growth and hence V0 for type B models increases with S.
The same behavior of V0 is also seen for a rigid barrier (data not shown).
Our study shows that while modelling force generation of actin filaments, it is important to consider what type
of filament barrier interaction should be included in the model. The seemingly minor details like whether bound
filament polymerization is allowed or not, may give rise to qualitatively different outcomes. Based on the results we
have presented here, it is also possible to perform experimental measurements to decide which type of model would
be suitable in a given situation. The relative time-scale between the barrier and filament dynamics may be varied by
controlling the free filament polymerization rate which depends on the concentration of monomers in the medium. By
directly measuring the variation of quantities like stall force, or force-velocity curve as a function of this time-scale,
it should be possible to decide the suitability of a particular model type.
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U0 Free filament polymerization rate 2.784s
−1
W0 Filament depolymerization rate 1.4s
−1
d Size of an actin monomer 2.7nm
T Temperature 300K
TABLE I: Parameters used in our simulation. The values of U0 and W0 are taken from [28] and the value of d is taken from
[20].
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